Bacillus anthracis shares many regulatory loci with the nonpathogenic Bacillus species Bacillus subtilis. One such locus is sinIR, which in B. subtilis controls sporulation, biofilm formation, motility, and competency. As B. anthracis is not known to be motile, to be naturally competent, or to readily form biofilms, we hypothesized that the B. anthracis sinIR regulon is distinct from that of B. subtilis. A genome-wide expression microarray analysis of B. anthracis parental and sinR mutant strains indicated limited convergence of the B. anthracis and B. subtilis SinR regulons. The B. anthracis regulon includes homologues of some B. subtilis SinR-regulated genes, including the signal peptidase gene sipW near the sinIR locus and the sporulation gene spoIIE. The B. anthracis SinR protein also negatively regulates transcription of genes adjacent to the sinIR locus that are unique to the Bacillus cereus group species. These include calY and inhA1, structural genes for the metalloproteases camelysin and immune inhibitor A1 (InhA1), which have been suggested to be associated with virulence in B. cereus and B. anthracis, respectively. Electrophoretic mobility shift assays revealed direct binding of B. anthracis SinR to promoter DNA from strongly regulated genes, such as calY and sipW, but not to the weakly regulated inhA1 gene. Assessment of camelysin and InhA1 levels in culture supernates from sinR-, inhA1-, and calY-null mutants showed that the concentration of InhA1 in the culture supernatant is inversely proportional to the concentration of camelysin. Our data are consistent with a model in which InhA1 protease levels are controlled at the transcriptional level by SinR and at the posttranslational level by camelysin.
Bacillus species are developmental bacteria that cycle between a dormant spore state and a metabolically active vegetative cell state. Vegetative cells can grow as planktonic cells or in multicellular biofilms. Environmental cues affect cellular and community morphologies via complex regulatory systems that are generally conserved throughout the genus. One such system is the pleiotropic SinIR regulatory pair. The sin locus (sporulation inhibitor) was originally described for Bacillus subtilis as a component of the sporulation cascade. Subsequent studies revealed that in addition to negatively regulating several genes involved in sporulation, SinR also regulates motility, competency, proteolysis, and biofilm formation genes in B. subtilis (3, 15, 16, 35, 37, 40, 42, 45, 48, 65) . The SinR protein binds a conserved DNA sequence upstream of the translational start site of target genes to either positively or negatively control transcription. SinI, encoded by a gene adjacent to sinR, is a SinR antagonist and binds directly to the SinR protein to inhibit its activity (2) . In batch culture, SinR is expressed throughout growth, while SinI expression is limited to stationary phase (29, 57) . Thus, SinR-controlled gene expression is relieved when cultures transition from exponential to stationary phase.
While SinIR function and the sin regulon are well established in B. subtilis, there are few reports concerning the SinIR regulatory system in other Bacillus species. Bacillus anthracis, the etiological agent of anthrax, has a sinIR locus but is devoid of multiple characteristics associated with SinIR function in B. subtilis. Unlike B. subtilis, B. anthracis is nonmotile, does not produce naturally competent cells, and does not readily produce biofilms (6, 49, 55) . Although known and potential virulence factors of B. anthracis have been shown to be produced in a growth-phase-dependent manner, there are no reports of control of these factors by SinIR during growth in batch culture. One study indicates that in Bacillus thuringiensis, an insect pathogen closely related to B. anthracis (24, 60, 64) , the SinIR system controls expression of the immune inhibitor A1 gene inhA1; overexpression of sinR in B. thuringiensis results in decreased expression of inhA1, while overexpression of sinI results in elevated inhA1 transcript levels (32) . InhA1 is a secreted metalloprotease that degrades insect antimicrobial peptides and enhances the ability of B. thuringiensis to escape from macrophages (52) . B. anthracis also produces an InhA1 protease that has been suggested to be a virulence factor. The B. anthracis protease cleaves von Willebrand factor and prothrombin, proteins associated with the coagulation cascade, as well as extracellular matrix proteins (17-19, 38, 52) . SinIR control of B. anthracis inhA1 gene expression has not been reported.
In the work described here, we examined the role of the SinIR system in B. anthracis using genome-wide expression microarray and immunoblot analyses to assess transcriptional and posttranslational regulation of SinRI-regulated genes. We show that in addition to homologues of some B. subtilis SinRregulated genes, the B. anthracis SinR protein negatively regulates transcription of genes adjacent to the sinIR locus that are unique to the Bacillus cereus group species (B. anthracis, B.
cereus, and B. thuringiensis). Our data show that InhA1 protease levels are regulated at the transcriptional level by the SinIR system and at the posttranslational level by a second SinR-regulated protease, camelysin.
MATERIALS AND METHODS
Strains and culture conditions. B. anthracis strains and plasmids are described in Table 1 . The virulent Ames strain (pXO1 ϩ pXO2 ϩ ) and the Ames mutant UTA21 were used for transcriptional profiling experiments. The attenuated Sterne strain 7702 (pXO1 ϩ pXO2 Ϫ ) and isogenic mutants were employed for all other studies. Unless noted otherwise, B. anthracis strains were cultured at 37°C with shaking (200 rpm) in Luria-Bertani (LB) medium with 0.5% glycerol for RNA and protein isolation or in nutrient broth yeast (NBY) medium for optimal InhA1 protein secretion. Escherichia coli strain TG-1 was used as a host for cloning. E. coli strains were cultured in LB at 37°C with shaking (200 rpm). Antibiotics were added as appropriate: kanamycin (100 g/ml), spectinomycin (100 g/ml for B. anthracis and 50 g/ml for E. coli), erythromycin (5 g/ml for B. anthracis and 150 g/ml for E. coli), and carbenicillin (100 g/ml).
DNA isolation and manipulation. Cloning experiments employing E. coli were performed using standard protocols (1). Plasmid DNA was extracted from E. coli using a Wizard miniprep kit (Promega, Madison, WI) in accordance with the manufacturer's recommendations. Unmethylated plasmid DNA from E. coli strain GM2163 was used for electroporation of B. anthracis (41) . DNA was amplified using PCR and Phusion polymerase (New England Biolabs, Ipswich, MA) unless otherwise noted. Oligonucleotide primers are described in Table S1 in the supplemental material. PCR products were purified using a Qiagen gel purification kit (Qiagen, Valencia, CA). Restriction enzymes were purchased from New England Biolabs. T4 DNA ligase was purchased from Promega. Chromosomal DNA was extracted from B. anthracis using a Mo Bio genomic isolation kit (Mo Bio Laboratories, Solana Beach, CA).
Construction of B. anthracis mutants. B. anthracis null strains were constructed as allelic exchange mutants or as markerless gene deletion mutants. Allelic exchange mutants, in which specific DNA sequences were replaced with the ⍀-spectinomycin resistance cassette, were constructed using pUTE583 as described previously (11) .
Markerless deletions were created using pHY304, a temperature-sensitive vector harboring an erythromycin resistance gene (8) . DNA fragments corresponding to approximately 1-kb sequences upstream and downstream of the locus to be deleted were cloned in tandem into pHY304. The DNA inserts for the deletion constructs were generated using PCR and EasyA Taq (Stratagene, La Jolla, CA) to amplify upstream and downstream sequences separately or using splicing by overlap extension (SOE) PCR to amplify a single DNA fragment deleted for the gene of interest (36) .
To obtain a markerless mutant, the specific pHY304 construct was introduced into B. anthracis using electroporation (41) . The electroporation mixture was plated on LB agar containing erythromycin and incubated at 30°C for 2 days to select isolates containing the plasmid. Clones were verified using PCR (Taq polymerase; NEB, Ipswich, MA), restreaked on the same medium, and incubated at 30°C. A single colony was used to inoculate LB broth containing erythromycin, and the culture was incubated at 30°C for 16 h. To obtain an isolate in which the pHY304 derivative had integrated into the chromosome by single crossover recombination, the culture was passaged at a 1:100 dilution into LB containing erythromycin and cultured at 41°C (the nonpermissive temperature for pHY304) for 10 to 14 h. Following a second passage at 1:1,000 under the same conditions, the culture was streaked onto selective LB agar and incubated at 41°C for 10 h. To allow excision of a pHY304 derivative from the B. anthracis chromosome, a single colony of a clone harboring an integrated plasmid was inoculated into LB broth without antibiotic, cultured at 30°C until turbid, and then passaged at a 1:100 dilution multiple times in LB. Starting with passage 3, excision of the pHY304 derivative was assessed by plating serial dilutions of the culture on LB agar and incubating them at 30°C for 16 h. Single colonies were patched to LB agar with and without erythromycin and incubated at 37°C for 16 h. Erythromycin-sensitive isolates were screened for loss of the plasmid and deletion of specific sequences using PCR (Taq polymerase; NEB, Ipswich, MA) and primers corresponding to DNA sequences flanking the locus.
RNA purification. Approximately 1 ϫ 10 6 spores were inoculated into 25 ml of LB broth, and cultures were incubated until mid-exponential (optical density at 600 nm [OD 600 ] ϭ 0.5 to 0.6) or early stationary (OD 600 ϭ 3.5 to 3.9) growth phase. Six-milliliter samples were taken during exponential phase, and 2-ml samples were collected during the stationary phase of growth. Cells were pelleted at 2,400 ϫ g for 10 min at 4°C. All subsequent centrifugation steps were at 16,000 ϫ g, and samples were kept on ice except where noted. All but 500 l of culture supernate was decanted. Cells were resuspended and transferred to a 1.5-ml screw-cap tube containing 500 l of 0.1-mm zirconia/silica beads (BioSpec Products, Bartlesville, OK) and 500 l of acid phenol warmed to 65°C (Sigma Aldrich, St. Louis, MO). The cell suspension was subjected to bead beating for 1 min using a Mini BeadBeater (BioSpec Products). The tube was placed at 65°C for 5 min, and the bead beating was repeated. Following centrifugation for 3 min at 16,000 ϫ g at 4°C, the aqueous phase was transferred to a new 2-ml tube. Acid phenol (500 l) was added, and the tube was held at room temperature (RT) for 5 min, followed by vigorous shaking for 15 s. Following centrifugation as before, the aqueous phase was transferred to a new 2-ml tube, 0.3 volumes of chloroform was added, and the contents were shaken vigorously for 15 s. The suspension was incubated for 10 min at room temperature and inverted frequently to avoid separation of phases. Following centrifugation, the aqueous phase was mixed with 250 l of diethylpyrocarbonate-treated water and 500 l of isopropanol. After incubation at room temperature for 10 min, RNA was pelleted using centrifugation for 15 min. Pellets were washed in 75% cold ethanol, air dried, and resuspended in 50 l of diethylpyrocarbonate-treated water. The final concentrations of RNA ranged from 700 to 3,400 ng/l, as determined using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE). RNA (20 g) was DNase treated three times using Turbo DNA-free (Ambion, Austin, TX) according to the specifications of the supplier, and the quality and quantity of RNA were assessed using a Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA). RNA was stored at Ϫ80°C.
Transcriptional profiling. A custom Affymetrix (Affymetrix, Inc., Santa Clara, CA) microarray containing 16 antisense oligonucleotide probe pairs for each gene in the Ames ancestor genome was used for microarray experiments. RNA samples were isolated from three independent cultures of each of the strains analyzed (parent and sinR mutant) per time point (exponential and stationary phase), giving 12 samples total. cDNA was created from 5.6 g of each RNA sample using random primers and Superscript III according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Following cDNA synthesis, RNA was removed by NaOH hydrolysis and the cDNA purified by phenol-chloroform extraction followed by ethanol precipitation. Each cDNA sample (8 g) was fragmented using DNase I (Promega), biotin labeled using the Affymetrix GeneChip labeling reagent (Affymetrix, Santa Clara, CA) and terminal deoxytransferase (Promega), and hybridized to the microarray (one array per cDNA sample). After overnight incubation with rotation (40°C at 60 rpm), the 12 microarrays were washed and scanned using standard Affymetrix protocols.
Gene expression estimates were calculated using GCOS software version 1.4 (Affymetrix, Santa Clara, CA), and data were normalized across samples. The data were transferred from GCOS into EXCEL and analyzed using three independent methods. For manual analysis, EXCEL was used to subtract background (signal intensities of Ͻ50), the signal for each gene was averaged across the three replicates per strain per time point, and the fold change (parent/sinR mutant) was determined. Two programs, Arraystar (DNAstar, Madison, WI) and dCHIP (Wing Wong and Cheng Li labs, Harvard, Cambridge, MA) were used to confirm differential gene expression. For the Arraystar analysis, raw data were imported from EXCEL, and fold change was determined for each gene, with those greater than 2-fold being reported. Similarly, for dCHIP analysis, raw data were imported from EXCEL, a background signal of 100 was subtracted, fold change was determined, and genes with fold changes of greater than 1.5 were reported.
Changes in gene expression of sipW (GBAA1287), tasA (GBAA1288), calY (GBAA1290), and GBAA_pX02_0023 were confirmed using semiquantitative reverse transcription-PCR (RT-PCR). Reactions used gene-specific primers (see Table S1 in the supplemental material), cDNA made as described above, RNA controls, and DNA controls (25) . The 16S gene amplified from cDNA was used as a loading control. Changes in inhA1 (GBAA1295) were confirmed using quantitative RT-PCR, and data were normalized to the levels for the housekeeping gene gyrB (25) .
Coomassie and Western blot analysis. To assess cell-associated and secreted (non-cell-associated) protein, 2-ml culture samples were centrifuged at 6,000 ϫ g at RT for 5 min. Cell pellets were stored at Ϫ20°C and thawed on ice prior to resuspension in 75 l resuspension buffer (50 mM Tris, 3 mM sodium azide, pH 7.6) and 75 l 2ϫ SDS loading buffer (25% 0.5 M Tris, pH 6.8, 2.5% SDS, 20% glycerol, 0.05% ␤-mercaptoethanol, 0.02% bromo).
Culture supernates were filtered through a 0.22 M SFCA filter (Nalgene, Rochester, NY). Supernatant proteins were precipitated using deoxycholate and trichloroacetic acid (12) at 0.01% and 15%, respectively, and incubated on ice for 30 min or stored at Ϫ20°C overnight. Frozen supernatant samples were thawed on ice, and precipitated protein was pelleted at 16,000 ϫ g for 20 min at 4°C. Protein pellets were washed with 1 ml of cold acetone at Ϫ20°C and incubated on ice for 10 min. Precipitated protein was then pelleted as described above. The acetone was removed, and pellets were air dried for 5 min before being resuspended in 50 l of resuspension buffer and 50 l of 2ϫ SDS loading buffer.
InhA1 and camelysin-associated peptides used for antiserum production were predicted as surface-exposed amino acids by Genscript Corporation (Piscataway, NJ). ␣-InhA1 and ␣-camelysin antisera against peptides LPDKDIKTIDPAFG and TLADLQKTDPDLLA, respectively, were generated in rabbits by Genscript (Piscataway, NJ). ␣-InhA1 and ␣-camelysin antisera were purified using Pierce Nab spin columns for antibody purification per the manufacturer's instructions (Thermo Scientific, Rockford, IL). ␣-TasA (raised against purified TasA from B. subtilis) was a gift from Adam Driks (Loyola University).
Samples derived from culture supernates and cell pellets were subjected to SDS-PAGE. Gel-imbedded proteins were stained with Coomassie blue (G-250) or transferred to a nitrocellulose membrane using a semidry blotter and Towbin buffer (3.94 g Tris base, 14.4 g glycine, and 10% methanol) for Western blotting. Membranes were blocked in TBS-T (20 mM Tris base, 137 mM NaCl, 0.1% Tween 20 [pH 7.6]) with 3% bovine serum albumin (BSA) for 1 h at room temperature prior to exposure to primary antibody for 1 h. ␣-InhA1 and ␣-camelysin antisera were used at a concentration of 1:1,000 in TBS-T, and ␣-TasA antibody was used at 1:5,000. Membranes were rinsed in TBS-T three times for 5 min each and then exposed to horseradish peroxidase (HRP)-conjugated goat ␣-rabbit antibody (Bio-Rad, Hercules, CA) at a concentration of 1:100,000 for 1 h at room temperature. Membranes were rinsed as described above and developed using Pierce SuperSignal West Dura extended-duration substrate (Thermo Scientific, Rockford, IL).
Purification of recombinant B. anthracis SinR. Recombinant SinR (rSinR) protein was purified from E. coli using a protocol modified from the method of Kearns et al. (39) . Briefly, DNA containing the sinR coding sequence was amplified using PCR and primers KP168 and KP169 (see Table S1 in the supplemental material). The PCR product was cloned into the NheI and XhoI restriction sites of expression vector pET28b (Novagen, Gibbstown, NJ) to create an inducible gene encoding a thrombin-cleavable amino-terminal His-tagged SinR protein. The plasmid, pUTE964, was transformed into the E. coli Rosetta strain expressing pLysS. The strain was grown in 600 ml of LB broth to an OD 600 of approximately 0.8. IPTG (isopropyl ␤-D-thiogalactoside; 1 mM) was added, and incubation continued for 3 h. Cells were pelleted using centrifugation (10 min at 1,370 ϫ g), resuspended in 10.8 ml of lysis buffer (20 mM Tris, 2 mM EDTA, pH 8.0), and frozen at Ϫ80°C. Following three cycles of freeze-thawing, cell debris was pelleted at 16,000 ϫ g at 4°C for 20 min. The supernatant fraction was mixed with 1 ml of nitrilotriacetic acid (NTA)-Ni agarose beads (Qiagen) rotating at 4°C for 1 h, and unbound protein was removed from the beads in five washes (5ϫ bed volume each) with wash buffer (50 mM Tris-HCl, 500 mM NaCl, and 20 mM imidazole, pH 8.5). Beads were pelleted at 1,370 ϫ g for 5 min. The NTA-Ni agarose beads and associated protein were resuspended in 1 ml of elution buffer (10 mM Tris-HCl, 10 mM MgCl 2 , 1 mM EDTA, 0.3 mM dithiothreitol [DTT], 5% glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF], pH 8.5), and bound protein was released from the beads using biotinylated thrombin (4.2 l; Novagen, Gibbstown, NJ) in a 16-h reaction mixture rotating at room temperature. The protein slurry was loaded on a column, and rSinR and thrombin were eluted by gravity flow. Biotinylated thrombin was isolated from the rSinR by use of absorption to streptavidin-agarose beads in a 1-h reaction mixture rotating at RT. Thrombin-bound beads were pelleted at 16,000 ϫ g at 4°C for 20 min, and supernatant containing rSinR was removed. Purified rSinR was dialyzed overnight at 4°C in 10 mM Tris-HCl containing 50 mM NaCl, 1 mM EDTA, 5% glycerol, and 1 mm DTT at pH 8.5. Protein purity was assessed following 12% SDS-PAGE and Coomassie blue staining. Protein concentration was determined using OD 280 , and protein was stored at Ϫ80°C.
EMSAs. Electrophoretic mobility shift assays (EMSAs) were performed using a Pierce Light Shift EMSA kit (Thermo Fisher Scientific, Rockford, IL). Biotinylated DNA probes corresponded to the promoter regions of three genes implicated as SinR targets in microarray experiments, sipW, calY, and inhA1, and one gene, the Npr599 gene, not implicated as SinR regulated. Probes were generated using PCR and biotinylated primers (see Table S1 in the supplemental material) and purified using a Qiagen gel purification kit. Probe (0.1 nM) and 2 g of poly(dI-dC) were added to reaction buffer (10 mM Tris, 50 mM KCl, 1 mM DTT, 0.1% NP-40, and 20 mM MgCl 2 , pH 7.5). Five reactions were set up for each probe tested, with one reaction mixture receiving no rSinR protein and the remaining four reaction mixtures containing increasing concentrations of rSinR protein (0.4, 2.0, 10, and 50 nM). Samples were incubated at 37°C for 35 min and then electrophoresed in a TBE gel containing 5% bis-acrylamide at room temperature for 1 h at 100 V. DNA was transferred from the gels to nitrile membranes using a semidry apparatus (280 mA for 13 min). Following cross-linking using a using a UV cross-linker (UVC500; GE Healthcare, Piscataway, NJ), membranes were blocked, washed, and developed according to the Pierce Light Shift EMSA kit protocol.
IPTG-inducible expression of camelysin in B. anthracis. Plasmid pdr111Hyperspank (5), containing the IPTG-inducible promoter P hyperspank , was modified as follows for use in B. anthracis. The ori1030 gene from pHT304 (21) was cloned in the BamHI restriction site. The spectinomycin resistance gene was replaced with an Omega cassette carrying a kanamycin resistance gene by digesting the vector with EcoRI and SacII and inserting ⍀Kan, creating pUTE973 ( Table 1) . The calY gene, carrying its native ribosomal binding site, was amplified from B. anthracis genomic DNA with primers KP183 and KP184 (see Table S1 in the supplemental material) and cloned into the SalI and SphI restriction sites of pUTE973 such that transcription of the calY gene was driven by the IPTGinducible promoter. The calY expression vector was named pUTE980 (Table 1) . Camelysin and InhA1 levels produced by each strain were assessed by Western blot analysis. Where indicated, densitometry was utilized to quantify the signal intensity of protein bands.
Microarray data accession number. The raw data were deposited at the MIAME compliant Gene Expression Omnibus (GEO) database at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo/) and are accessible through accession number GSE22559.
RESULTS
Comparison of sin loci. In B. subtilis, the sinI and sinR genes are adjacent to each other on the chromosome and are cotranscribed (57) . The sinIR genes of B. anthracis are aligned similarly. The amino acid sequences of the SinR proteins are 67% identical between B. subtilis and B. anthracis, with conserved residues spanning the length of the proteins. Eighteen of 20 conserved residues in the B. subtilis SinR helix-turn-helix motif are identical to those of the B. anthracis SinR protein, and the two nonconserved residues represent conservative substitutions. In addition, the region of SinR that is predicted to interact with SinI (43) is moderately conserved; 21 of 29 residues are identical in the SinR proteins of the two species. The B. subtilis and B. anthracis SinI proteins are conserved to a lesser degree, exhibiting 42% identity and 76% similarity throughout. Eleven of the 26 SinI amino acid residues predicted to interact with SinR are identical in the SinI proteins of VOL. 193, 2011 BACILLUS ANTHRACIS sin LOCUS AND PROTEASES 633 the two species, and there is less similarity in the remainder of the SinI amino acid sequences (43) . There are notable differences between B. subtilis and B. anthracis with regard to sequences adjacent to sinIR (Fig. 1) . One target of the B. subtilis SinIR regulatory system, the tricistronic operon composed of yqxM, sipW, and tasA, is located immediately downstream of the B. subtilis sin operon in the opposite orientation. The yqxM-sipW-tasA operon is associated with biofilm formation by B. subtilis (15) . The yqxM gene encodes a lipoprotein, while sipW encodes a signal peptidase, and tasA encodes a cell-associated filamentous antimicrobial protein. B. anthracis lacks the yqxM gene, and although the tandem sipW (GBAA1287) and tasA (GBAA1288) genes are present, they are separated from sinIR by two open reading frames (ORFs), GBAA1289 and GBAA1290, that are absent in B. subtilis. GBAA1289 is annotated as encoding a hypothetical protein containing a nonsense mutation and is likely a pseudogene. ORF1290 is designated calY because the ORF is predicted to encode a protein with an amino acid sequence that is more than 90% identical to the calY-encoded protein, camelysin, of B. cereus (reference 33 and NCBI BLAST). B. cereus camelysin is a cell-surface-associated protease. Sequences upstream of sinIR also differ between B. subtilis and B. anthracis. In B. anthracis, inhA1, encoding the InhA1 protease associated with culture supernates, is located upstream of sinI and in the opposite orientation. In B. subtilis, yqhG lies 977 bp upstream of sinI and in the same orientation; the inhA1 gene is not present. An orthologue of yqhG, which encodes a conserved hypothetical protein, is present on the chromosome of B. anthracis at a distant locus, GBAA4451. Analysis of the available genome sequences of species closely related to B. anthracis, B. cereus and B. thuringiensis, indicates that the extended sin loci in these species match that of B. anthracis.
Assessment of the sinR regulon in B. anthracis. Differences in sinIR-associated phenotypes of B. subtilis and B. anthracis and structural dissimilarities in the regions adjacent to the sin locus suggest disparities in the sinR regulons of the two species. To determine the sinR regulon of B. anthracis, we conducted genome-wide transcriptional profiling experiments comparing the fully virulent Ames strain to an isogenic sinR-null mutant. We compared transcript levels at the exponential and stationary phases of growth (see Fig. S1 in the supplemental material). Figure 2A shows data obtained by manual analysis. Genes exhibiting a 2-fold or greater difference in regulation between the parent and sinR strains when data were assessed using three independent analysis programs were designated sinR regulated (Table S2 ). Most of the 40 sinR-regulated genes were affected during stationary phase and unaffected during exponential phase. Fewer genes were controlled during exponential phase. Notably, sipW, tasA, and calY were negatively regulated by sinR in both growth phases, while inhA1 was negatively controlled only in exponential phase ( Fig. 2A and Table S2 ).
The most highly regulated genes are located near the sin locus. The calY, sipW, and tasA gene transcript levels were elevated up to 143-, 50-, and 59-fold, respectively, in the sinR mutant strain during exponential phase, indicating negative regulation by SinR ( Fig. 2A ; see also Table S2 in the supplemental material). Microarray data for these genes and pXO2_0023 were verified using semiquantitative RT-PCR (Fig. S2) . Note that probes representing GBAA1289, the presumed pseudogene near sinIR, were not represented in the array. In contrast to that of the genes downstream of sinIR, microarray data indicated that the expression of the upstream gene inhA1 was elevated only 2.0-to 2.9-fold in the sinR mutant. The relatively small effect of sinR on inhA1 during exponential phase was in agreement with quantitative RT-PCR 
FIG. 2. sinR-controlled transcriptome of B. anthracis. (A)
Scatter plot of ORFs differentially regulated in the sinR mutant (UTA21) relative to the parent strain (Ames). Data from microarray experiments were analyzed using EXCEL to subtract background and to determine the averages of results from three replicates per strain per time point (see Materials and Methods). Data are presented as log 2 fold changes. (B and C) Genes exhibiting 2-fold or greater differences in regulation between the parent and sinR strains when microarray data were assessed using three independent analysis programs were designated sinR regulated. (B) sinR-regulated genes during exponential growth phase grouped by annotated function. (C) sinR-regulated genes during stationary growth phase grouped by annotated function. data for inhA1 which showed a 3.8-fold elevation of inhA1 expression in the absence of sinR (data not shown). Moreover, elevated inhA1 expression was observed only with the use of RNA from exponential-phase cultures, unlike the differences in calY, sipW, and tasA expression, which were apparent at the exponential and stationary phases (Table S2 ). The three most highly sinR-regulated genes distant from the sin locus, GBAA1075 (exonuclease/exonuclease phosphatase), GBAA3645 (oligopeptide-binding protein [oppA]), and GBAA5262 (hypothetical exported repetitive protein), were negatively regulated up to 8.0-, 6.0-, and 9.7-fold, respectively (Table S2) .
The majority of sinR-regulated genes were located on the chromosome; however, a number of genes within a putative operon, GBAA_pXO2_0028-GBAA_pXO2_53, on the pX02 virulence plasmid were positively regulated (2.2-to 4.6-fold) during stationary phase of growth. We note that not all of the genes of the putative 26-gene operon were found to be regulated in our analysis. While the genes in the operon are largely annotated as conserved hypotheticals, GBAA_pXO2_0023 is annotated as encoding a type IV secretion system protein (34, 53) . B. subtilis does not carry homologues of these sinR-regulated pXO2 genes.
The sinR-regulated genes of B. anthracis are grouped according to annotated function in Fig. 2B and C. Only seven genes were identified as sinR regulated during the exponential phase of growth, with the largest class of genes annotated as encoding proteins with degradative properties, including the secreted protease genes inhA1 and calY, sipW, and the nuclease-encoding gene GBAA1075. Additional genes regulated by sinR during exponential growth phase include a regulatory gene (GBAA3305) and two genes that did not fall into any distinct category (tasA and oppA [GBAA3645]) (see Table S2 in the supplemental material). In contrast, 38 genes were determined to be sinR regulated during the stationary growth phase, with the largest class of genes annotated as encoding conserved hypothetical proteins. Additional classes of sinRregulated genes during stationary phase of growth were six genes that did not fall into any distinct category, five genes involved in sporulation, including spoIIE and spoIIGA, and genes associated with metabolism (five), regulation (two), and degradation (three) ( Table S2 ). Considering that some of the sinR-controlled genes are annotated as factors affecting transcription, it is likely that some members of the regulon are indirectly controlled by SinR.
Comparison of the sinR regulons of B. anthracis and B. subtilis. In B. subtilis, the sinR regulon is composed of at least 35 genes (3, 15, 16, 35, 37, 40, 42, 45, 47, 48, 65) . Eighteen of these genes were revealed in a transcriptional profiling experiment comparing sinR-to sinI-null mutants during the exponential phase of growth (15) . Our transcriptional profiling data indicate only limited convergence of sinR-regulated genes from B. anthracis and B. subtilis (Fig. 3) Specific binding of rSinR to promoter DNA. Direct binding of B. subtilis SinR to specific DNA sequences has been biochemically verified for three B. subtilis promoters containing a total of eight binding sites. The consensus sequence GTTC TYT, in which Y is C or T, was derived from these sites plus similar sequences found in the promoters of other sinR-regulated genes of B. subtilis (15) . We examined the promoter regions of sinR-regulated B. anthracis genes for sequence similarity to the B. subtilis consensus sequence. Sequences upstream of the B. anthracis sinR-regulated genes bearing some similarity to the B. subtilis consensus sequence are shown in Table S2 in the supplemental material. In some cases, multiple potential SinR binding sites are apparent upstream of a single gene, as has been reported for sinR-regulated genes in B. subtilis (15) . Many B. anthracis sinR-regulated genes, including highly regulated genes such as calY and sipW and genes exhibiting relatively low levels of regulation by sinR, such as inhA1, contain upstream sequences similar to the B. subtilis SinR consensus sequence. These data and the significant amino acid sequence similarity of the B. anthracis and B. subtilis SinR proteins suggest that the limited convergence of the B. subtilis and B. anthracis regulons is due to a difference in SinR function in the two species.
To determine if B. anthracis SinR binds specifically to promoter regions of target genes, we performed electrophoretic mobility shift assays (EMSAs) using rSinR purified from E. coli and DNA probes corresponding to sequences upstream of the sinR-regulated genes calY, sipW, and inhA1 and a gene unaffected by sinR, the Npr599 gene (see Table S2 in the supplemental material). When a 10 nM or higher concentration of rSinR was present in the binding reaction mixture, the gel mobility of the calY and sipW promoter probes was retarded compared to that of the free probe (Fig. 4) . Probes representing the non-sinR-regulated Npr599 gene promoter and the weakly (2.0-to 3.8-fold) regulated inhA1 promoter did not exhibit a shift, even when the rSinR concentration was increased to 4.2 M (data not shown). The results show that B. anthracis SinR is a DNA-binding protein that binds specifically to the promoter regions of highly regulated target genes. The lack of SinR binding to the inhA1 promoter, despite the presence of an apparent consensus sequence for SinR binding, suggests that either the relatively small change in inhA1 expression in a sinR-null mutant is indirectly related to SinR or the affinity of SinR for the inhA1 promoter is greatly diminished compared to the SinR affinity for the highly regulated sipW and calY promoters. sin control of secreted proteases. Regulation of genes encoding the proteases camelysin and InhA1 by sinR is intriguing given that InhA1 has been implicated in anthrax pathogenesis and that homologues of camelysin produced by B. cereus and B. thuringiensis are active against host substrates (13, 14, 17-19, 33, 38, 51) . Negative regulation of inhA1 by sinR is relatively weak, and InhA1 has been reported to be an abundant protein in the B. anthracis secretome, whereas calY is repressed 140-fold by sinR and does not appear to be a major component of the B. anthracis secretome (13) .
We asked if InhA1 and camelysin protein levels reflect the effects of sinR on inhA1 and calY transcription. Parent and sinR-, sinI-, and sinIR-null mutant strains were cultured, and cell pellets and supernates were collected at the exponential (OD 600 , Ϸ1.6; 4 h), transition (OD 600 , Ϸ3.1; 6 h), and stationary (OD 600 , Ϸ3.1; 8 h) phases of growth. Protein samples were assessed for camelysin, InhA1, and TasA (the product of a sinR-controlled gene that is common to B. subtilis and B. anthracis) using Western blotting (Fig. 5) . The mobilities of crossreactive proteins relative to size markers (not shown) were as expected for all three proteins (camelysin, 27 kDa; InhA1, 82 kDa; and TasA, 31 kDa) (13, 62) . Consistent with the transcriptional profiling data, the sinR mutant produced substantially higher levels of camelysin and TasA than the parent strain. Moreover, camelysin and TasA levels were less abundant in the sinI mutant during the transition and stationary phases than in the parent strain, while the protein levels associated with the sinIR double mutant matched those of the sinR-null mutant. These results are consistent with the B. subtilis model in which SinR regulates target gene expression and SinI inhibits SinR activity. Unlike the results obtained for camelysin and TasA, InhA1 levels did not reflect the transcriptional profiling data. Steady-state levels of InhA1 were detected in the supernate of the parent strain during the stationary phase of growth, but surprisingly, InhA1 protein levels were decreased in the sinR mutant and elevated in the sinI-null mutant. These experiments were also performed using a different strain background (Ames cured of pXO1 and pXO2), and identical results were obtained (data not shown). The InhA1 results are indicative of a gene product under posttranscriptional regulation.
Further examination of InhA1 and camelysin levels during culture of the parent strain revealed that InhA1 and camelysin levels are inversely correlated during stationary phase. As camelysin levels decreased, InhA1 levels increased (Fig. 6A) . To obtain a better understanding of the relationship between camelysin and InhA1, individual isogenic protease mutant strains were created and InhA1 levels in the culture supernatant were assessed using Western blot analysis. As shown in Fig. 6B , in early-stationary-phase growth, InhA1 levels were significantly higher in the calY mutant strain than in the parent strain, while camelysin levels were unchanged in the absence of inhA1. To negate the effects of sinIR-mediated control of calY on InhA1 anthracis sinR and sinI on Camelysin, TasA, and InhA1 levels. The parent strain 7702 and sinR, sinI, and sinIR mutants (UT315, UT365, and UT371, respectively) were cultured in NBY, and samples were taken during the exponential phase (OD 600 , Ϸ1.6; 4 h), transition phase (OD 600 , Ϸ3.1; 6 h), and stationary phase (OD 600 , Ϸ3.1; 8 h) of growth. Cell pellets were used to assess camelysin and TasA, and culture supernatant was used to assess InhA1. Western blot analyses were performed with camelysin-, TasA-, and InhA1-specific antibodies.
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PFLUGHOEFT ET AL. J. BACTERIOL. levels, we expressed the calY gene from an IPTG-inducible promoter in a calY-null mutant background. Levels of InhA1 and camelysin were assessed with increasing concentrations of IPTG (Fig. 6C) . Again, camelysin and InhA1 protein levels were inversely related; as camelysin levels increased, InhA1 levels decreased. Taken together, these results suggest that InhA1 is degraded in supernates of cells in which camelysin synthesis is derepressed.
DISCUSSION
The common physiology of Bacillus species reflects their genomic synteny and gene sequence similarity (53, 61) . Multiple metabolic and regulatory loci, studied primarily for the archetype species B. subtilis, have functional homologues in other Bacillus species. For these spore-forming bacteria, shared systems controlling cell development are particularly notable (4, 7, 22, 23, 27, 44, 46, 50, 56, 67) . Here, we examined function of the sinIR locus in B. anthracis. The comparable locus in B. subtilis was first characterized as part of the extensive sporulation network (30, 59) . Subsequent studies revealed that B. subtilis sinIR plays a regulatory role in multiple-growthphase-associated phenotypes (15, 31, 35, 45, 47) . The results reported here reveal that the B. anthracis sinIR locus and the associated regulon exhibit some similarity to those of B. subtilis, but also significant differences.
The SinIR regulatory system is composed of the DNA-binding protein SinR, which controls transcription of target promoters, and the SinR antagonist SinI, which when bound to SinR prevents its association with DNA (2). Given the similarity of the SinR and SinI amino acid sequences and data generated in our study, it is likely that the molecular mechanisms for function of the B. anthracis and B. subtilis proteins are equivalent. We have shown that B. anthracis SinR has specific DNA-binding activity for highly sinIR-regulated promoters. We determined that many sinIR-regulated genes of B. anthracis possess promoter DNA sequences with similarity to the SinR recognition sequence established in B. subtilis. Finally, a B. anthracis sinI-null mutant displays the expected phenotypes for SinR-controlled genes.
Differences in the sinR regulons of B. anthracis and B. subtilis appear to be primarily due to disparities in target gene content. Approximately half of the genes reported to be sinR regulated in either B. anthracis or B. subtilis do not have homologues in the other species. Several sinIR-regulated genes of B. subtilis are associated with species-specific phenotypes, including those involving biofilm formation, motility, and competency (3, 35, 42, 45) . In B. subtilis, sinIR negatively controls the biofilm-associated extrapolysaccharide genes (eps) and the biofilm structural protein gene yqxM (15 (17) (18) (19) 38) . Camelysin, the other sinR-regulated secreted protease of B. anthracis, was first described as a casein-lytic protein of B. cereus (33) . Substrates of B. cereus camelysin include host cell matrix proteins such as collagen and actin as well as proteins of the coagulation cascade (28) . A camelysin homologue in B. thuringiensis has been reported to activate Cyt2Ba, a protein toxin that exhibits activity against the Dipteran order of insects (51) . The function of the B. anthracis camelysin has not been described previously.
The degrees of sinR-mediated transcriptional control of the B. anthracis inhA1 and calY genes differ considerably. The calY gene is the most highly sinR-regulated gene identified in our study, and SinR directly binds the promoter region of the gene, while inhA1 is only weakly regulated by sinR and we were unable to demonstrate binding of SinR to the inhA1 promoter region. The weak regulation of inhA1 by sinR is puzzling considering that the inhA1 promoter region harbors two putative SinR-binding sites with the sequence GTTATAA, similar to the SinR recognition sequence established for B. subtilis (GTTCTYT) (15) and to sequences in the promoter regions of the highly regulated B. anthracis genes. In B. subtilis and B. anthracis, the number of putative SinR-binding sites upstream of individual sinR-regulated genes ranges from one to four, but a relationship between the number or position of sites and the degree of SinR control has not been established. It is possible that single-nucleotide differences in binding sites affect the affinity of SinR for the DNA. Finally, it is notable that a sinR paralogue in B. subtilis, SlrR, has been demonstrated to work in tandem with SinR to regulate select targets (9, 10), but a slrR homologue is not apparent in B. anthracis.
Although sinR has a relatively small effect on inhA1 transcription, the regulatory gene has a large effect on InhA1 levels in culture supernates. Our data suggest that increased InhA1 in cultures of a sinI-null mutant is associated with sinR-mediated control of calY. When B. anthracis is cultured in rich complex media, InhA1 is one of the most abundant proteins in stationary-phase culture supernates, while camelysin levels are relatively low (13) . In a sinR-null mutant, InhA1 levels are reduced dramatically and camelysin levels are increased. Comparison of InhA1 and camelysin levels revealed an inverse relationship between InhA1 and camelysin, with InhA1 levels increasing as camelysin levels decrease. Moreover, when we artificially induced calY expression, we observed a coincident decrease in InhA1. Taken together, our data support a model in which InhA1 is degraded by camelysin or a protease under its control when calY gene expression is derepressed.
InhA1 is a major component of the B. anthracis secretome that appears to degrade host substrates with relatively little specificity (13, (17) (18) (19) 38) . A system in which InhA1 levels are controlled transcriptionally and posttranslationally in response to the growth phase-associated activity of SinR suggests that limitation of InhA1 is beneficial in certain environments. Interestingly, in B. thuringiensis inhA1 transcription is controlled by another growth phase-associated regulator, AbrB (32) . The weak nucleotide sequence conservation of the reported AbrB recognition site (63, 66) makes it difficult to predict whether the B. anthracis inhA1 gene is controlled similarly. Nevertheless, involvement of AbrB in addition to SinR in InhA1 expression would provide an interesting link between the protease and the well-established virulence factors of the bacterium. In B. anthracis, AbrB controls transcription of the pleotropic virulence gene regulator atxA (54, 63) . Future studies addressing the effects of transition state regulators such as SinIR on temporal expression of virulence genes in the context of infection and on gene expression during B. anthracis growth in other environments will further our understanding of target gene function.
